In bioelectrochemical systems where the oxidative current is mediated by microorganisms, it remains unexplored as to whether low-potential substrates (e.g. formate) enable the anode to work at lower potentials. Due to implications to relevant engineering and natural systems, this study evaluated such possibility and underlying causes. The investigation compared voltammograms of the model exoelectrogen (to exclude the interfering factors in undefined cultures) Geobacter sulfurreducens grown with acetate and formate. G. sulfurreducens had an E M (half-saturation potential) of −0.138 + 0.004 V vs. SHE when consuming acetate; an E M of −0.160 + 0.002 V when utilizing formate. Such variation usually requires alternation in electrode reductase expressed by bacteria, according to the existing Nernst-Monod model with a single species of electron conduit. For both acetate-and formate-grown biofilm, non-catalytic voltammetries found multiple redox couples with distinct formal potentials. No clear evidence could support a hypothesis that the bacteria synthesized any different electron conduits when the substrate was changed. Significant changes in the relative abundance of high-potential and low-potential electrocatalytically active conduits were not observed as well. However, low-potential conduits showed elevated electrocatalytic activities in the formate-grown biofilm, which might induce the shift in apparent E M .
Introduction
In recent years, a cluster of microbial electrochemical technologies have been developing rapidly. Though efficiency and economic feasibility are to be enhanced, they show potential in energy generation, environmental protection, and chemical production. 1 Of them, microbial fuel cell (MFC) is probably the most researched.
The anodic current-potential dependence affects the overall polarization behavior of microbial electrochemical systems (MES). A lower anodic working potential is generally favorable for the operation of MES. It allows higher cell voltage of MFCs, and a lower energy input for microbial electrolysis cells. Substrate supplied to the MES, with distinct thermodynamic properties, seems to be a factor influencing the anodic potential and electromotive force of the system. Acetate is commonly used as the substrate in MFCs with a defined medium, and it has a standard oxidation potential of ¹0.29 V vs. SHE; formate had been used in some MFC researches and it has a standard oxidation potential of ¹0.43 V. 2 However, while acetate-fueled MFCs are typically capable of operating with an anode potential of ¹0.2 V or slightly lower; 3 notably lower onset potentials were not found with bioanodes consuming formate. 4 This leads to the question: Do low-potential fuels enable bioelectricity generation at lower potential? Analogizing electrodes with varying potentials to electron acceptors with different reduction potentials, the question has an implication not limited to MES, but to biogeochemical aspects such as microbial reduction of minerals and interspecies electron transfer. 5 Regarding "lower" potential, some concepts need to be clarified. With a raising electrode potential, oxidative current gradually increases from background to the maximal level. It is necessary to stipulate which potential in this whole range should be used for comparison. E M is the potential under which the exoelectrogenic biofilm is respiring at half of its limiting rate. It reflects the overall current-potential dependence, and is easier to be determined than, e.g., the onset potential. This index has been considered important in a number of studies. 6, 7 The catalytic current is a factor of the limiting current ði=i lim Þ that equals the proportion of cofactors in the oxidized form at the electrode surface (! O /!). Therefore, i lim =2 is achieved when the local concentration of oxidized cofactors is identical to that of the reduced cofactors. Consequently, under Nernstian conditions, E M is the same as the formal potential (E H B) of electron conduits. It is argued that anodophiles capable of respiring at lower potentials have advantages in adapting to reductive environments. 8 This concept is in accordance with the observation that, some anode-respiring organisms, like Geobacter sulfurreducens, seem to push themselves to the thermodynamic edge. 6 It may be asked: When given a larger thermodynamic margin by a highly reductive substrate, will anodophiles fine-tune their electron transfer (ET) pathways accordingly to attain lower E H B and E M ? To evaluate the influence of substrate on E M , working with monoculture is necessary: (i) In a microbial consortium, syntrophy exists: electrochemically inert microbes may convert substrate to substances more favored by exoelectrogens (e.g. acetate). 4 (ii) Using the same substrate but with undefined cultures, E M can vary from one reactor to another; if individual reactors are dominated by different exoelectrogens with distinct E H B.
3 Considering these issues, G. sulfurreducens biofilms grown with acetate or formate are studied here using catalytic and non-catalytic voltammetries. G. sulfurreducens is a model exoelectrogen. The cells unleash electrons from substrate and pass them to the cell exterior via various electron carriers including periplasmic cytochromes. 9 The electrons are then transferred through the extracellular space to the adjacency of electrodes. Two distinct theories have been proposed to explain this process: electron hopping amongst extracellular redox cofactors, 10 or there is a metallic-like conduction by certain proteinaceous filaments. 11 The final electrode reduction step is generally attributed to redox proteins being close enough to the electrodes; 12 however, other redox species (flavins) have recently been reported to act as interfacial cofactors as well. 13 A good deal of electroanalyses has been carried out with G. sulfurreducens. Nevertheless, to the authors' knowledge, these potential sweeps were unexceptionally performed with acetate-grown biofilms. This investigation examines whether formate causes any physiological change in the Geobacter biofilm and if the E M is lowered comparing to the scenario that acetate is utilized.
Experimental

Bacterial growth and inoculation
G. sulfurreducens PCA was procured from the German Resource Centre for Biological Material (DSM 12127). Bacteria were cultivated at 30°C under an atmosphere of 80% N 2 and 20% CO 2 . 1 L of the medium contained 10 mmol sodium acetate, 40 mmol sodium fumarate, 30 mmol NaHCO 3 , 0.6 g NaH 2 PO 4 , 0.1 g KCl, 0.25 g NH 4 Cl, 10 mL of mineral mixture and 10 mL of vitamin mixture. 10 Bacteria were harvested by centrifuge (4°C, 4000 rpm, 10 min). The resulting pellet was washed once with fresh medium lacking fumarate but containing fuel (either 10 mM sodium acetate or 40 mM sodium formate), and was re-suspended to achieve an optical density (OD 600 ) of 0.2. The cell suspension served as MFC anolyte, ingredient of the catholyte was identical to anolyte but free from fuel and Geobacter.
MFC construction and operation
A dual-chamber plexiglas MFC was used. The anode and cathode each had a capacity of 14 mL. AvCarb TM 1071HCB carbon cloth (Ballard, Canada) was adopted as the anode (used as received, projected surface area 7.07 cm 2 ). The air-breathing cathode was fabricated from polytetrafluoroethylene (PTFE) treated (30% w/w) 1071HCB carbon cloth. A carbon/PTFE base layer and two layers of PTFE coatings were applied to one side of the carbon cloth.
14 Pt/C catalyst powders were applied to the other side of the carbon cloth, with a Pt loading of 0.5 mg cm
¹2
. Anode was separated from the cathode by a Fumasep TM FAA anion exchange membrane (Fumatech, Germany). Prior to assembly, plexiglas components for the anode chamber were sterilized in boiling water for 1 h; anode and the membrane were autoclaved. After inoculation, the reactor was kept at a constant temperature of 30 (« 0.2)°C; the anolyte was maintained at the neutral pH by a N 2 -CO 2 mixed atmosphere. The cell voltage over a fixed external resistor (R = 1000 ³) was recorded by a USB-1608FS data acquisition device (Measurement Computing Corporation, Hungary) at 0.001 Hz frequency.
Electrochemical instrument and set-up
Cyclic voltammetries (CVs) were carried out with an Ivium-n-Stat multi-channel electrochemical workstation (Ivium, Netherlands). When performing CVs, the anode acted as the working electrode and the cathode served as the counter electrode; a saturated calomel reference electrode (SCE) was also employed. All potentials reported and referred in this study are versus SHE, considering a 244 mV difference between SCE and SHE.
Microbial culture purity evaluation
After the bioelectrochemical experiments, cultures from the anode chambers were subjected to DNA extractions using #K0512 Genomic DNA Purification Kit (Thermo-Fisher, USA). PCRs were conducted with the universal primers (27F, 5B-AGAGTTTGAT-CCTGGCTCAG-3B; 1492R, 5B-GGTTACCTTGTTAACGACTT-3B) to amplify bacterial 16S rDNA. For samples from all reactors, the subsequent agarose gel (1.5%) electrophoresis showed only one band. The band was recovered by a BioSpin Gel Extraction kit (Fluxion, USA) and sequenced by Invitrogen Co. LTD (Shanghai, China). Sequence homology search with the GenBank online BLAST database confirmed pure cultures of G. sulfurreducens PCA.
Results and Discussion
Fuel cell experiments
For Geobacter fuel cells with acetate as the substrate, a lag period around 10 h was observed after inoculation ( Fig. 1) , cell voltage reached a plateau of 0.450 « 0.049 V (n = 5) after additional 30 h or so. MFCs utilizing formate generally took a longer time to reach their maximal voltage of 0.328 « 0.082 V (n = 6). The longer doubling time and lower maximal voltage were in line with the findings by Speers and Reguera 15 that G. sulfurreducens has metabolic constraints in assimilating carbon from formate oxidation, which results in poorer biomass growth and biofilm formation.
Voltammetric analyses
The catalytic CVs were taken during the voltage plateaus with a scan rate of 5 mV s
¹1
. For the acetate-grown biofilm, a typical sigmoid catalytic wave was observed ( Fig. 2A) . The current started to rise at ¹0.22 V and approached stabilization at ¹0.07 V. However, the current notably declined at this point in the anodic scan, which crossed the cathodic scan. The cathodic scan was stagnant when the potential was above 0 V. Current in the anodic scan gradually recovered in the high-potential region, and it met the cathodic scan again at 0.3 V. The negative deviation in the anodic scan was observed in other studies. 10 It is not known whether it is a CV artifact (e.g. caused by prolonged exposure to negative potential). Some authors referred to this as "negative Faradic resistance (NFR)". 16 Here, the limiting current is defined as the maximal current before the anodic scan reaches the NFR. The limiting current density was thus found to be 68.3 « 8.6 µA cm
¹2
, well comparable to that reported by Fricke et al. 17 The E M was determined to be ¹0.138 « 0.004 V, in good agreement with various studies. 6, 12, 17 The data is fitted with the Nernst-Monod Model; 7 where the electron transfer number is considered to be 1, as had been confirmed by former studies. 6 Good fitting ( Fig. 2A) suggests that the heterogeneous ET was not rate-limiting, and the system iR-drop was well controlled. 18 When the MFC was fueled with formate, catalytic CV (Fig. 2B) showed onset potential at around ¹0.24 V, the current saturated at about ¹0.10 V. The forward and backward scan almost overlapped within this potential range, revealing fast interfacial kinetics with 2015) respect to the scan rate. NFR again appeared. Both the anodic and the cathodic scans displayed a mild but noticeable upward slope within the high-potential region. Such a linear increase of the current has been observed in protein film voltammetries when the cofactors are heterogeneously oriented and thus exhibit differential interfacial kinetic rates. 19 Notably, similar resistive current-potential dependency had been observed with a mutant of G. sulfurreducens lacking cytochrome OmcZ. 6 Under the aforementioned definition, the limiting current density was 46.1 « 12.2 µA cm
, and the E M was ¹0.160 « 0.002 V.
First-order derivative analysis is an effective tool in analyzing redox systems contributing to electrocatalysis. 12, 17, [20] [21] [22] [23] [24] Considering that the major bioelectrocatalysis took place within ¹0.25 to 0 V, Fig. 3 demonstrates the differentiated voltammetric curves in this region. Acetate-grown biofilm displays a pair of broad peaks centered at about ¹0.137 V, which is very close to its E M . However, this pair is evidently composed of multiple redox systems and exhibits a number of shoulder peaks in both the anodic and cathodic branches. The formate-grown biofilm reveals a narrower dominant redox pair at about ¹0.178 V, accompanied by a minor pair at ¹0.121 V. These analyses explain the difference between E M,Ac and E M,Fr : with acetate, bioelectricity was mostly contributed by higherpotential redox systems; but the lower-potential region showed stronger catalytic activity when formate was supplied.
One may query whether the different pattern was due to a change in electron conduits synthesized by bacteria. This can be addressed by performing CVs under non-turnover conditions. When the current density of MFCs dropped below 1 µA cm ¹2 , non-catalytic CVs were recorded (scan rate 1 mV s
¹1
). Figure 4A depicts the noncatalytic voltammogram of acetate-grown G. sulfurreducens, where at least four redox pairs can be identified. The four pairs are numbered with formal potential from lowest to highest. Centered at 0.051 « 0.006 V is redox pair 4. Its peaks are broader and widely separated when compared to the other peaks, insinuating a sluggish Figure 4 . Non-catalytic CVs of (A) acetate-grown and (B) formate-grown G. sulfurreducens biofilms. Subscript "a" denotes anodic peaks, "c" denotes cathodic peaks.
Electrochemistry, 83(8), 600-604 (2015) interfacial kinetics. Comparing the catalytic and non-catalytic voltammograms, this redox species did not substantially contribute to the oxidative current, which saturated at a much lower potential. Similarly, other studies had reported redox peaks located within the potential window from 0 to 0.25 V; and they were considered inactive for current generation. 17, 24 Redox pair 3 is centered at ¹0.120 « 0.002 V. It is easy to find that, this pair is further composed of at least two redox couples: one cathodic peak can be observed at about ¹0.140 V while another appears at roughly ¹0.148 V. However, their anodic peaks merge together, making it difficult to distinguish the two. They are thus collectively assigned as "redox pair 3". Recalling the information from Fig. 3 , this redox system seems to contribute most to electrocatalysis when acetate was consumed by Geobacter. Redox pair 2 has a formal potential of ¹0.180 « 0.003 V. Upon closer examination, its anodic peak is accompanied by a shoulder peak at approximately ¹0.178 V, suggesting that this redox pair is not the signal from a single cofactor. However, the shoulder peak's cathodic counterpart cannot be clearly identified from the voltammogram. Features similar to redox pair 2 and 3 routinely dominate non-turnover CVs of Geobacter biofilm. 24, 25 Their signals usually merge in the first-order derivative plots of catalytic CV. 12, 17 Redox pair 1 is smaller in size, located at ¹0.228 « 0.003 V. It is interesting to note that, its cathodic peak is larger and, surprisingly, seemingly in a more positive position when compared to the anodic peak. One reasonable explanation is that this reductive peak incorporates the cathodic counterpart of the anodic shoulder peak in redox pair 2. A couple of previous studies had found a redox pair near ¹0.22 V, with a shape resembling redox pair 1. These studies confirmed its minor contribution to bioelectricity. 12, 24 In Fig. 3 , we could find some small features near ¹0.23 V, suggesting activities of redox system 1. While all of these signals are likely to have been observed in previous electroanalyses, their exact origins remain unknown. They are generally speculated to be active centers of redox proteins, because G. sulfurreducens does not utilize any diffusive electron shuttles. 12 Notably, Okamoto et al. recently revealed that: flavins, usually a diffusive mediator, can form an association with cytochrome and conduct electron flow to the electrodes. 13 Nonetheless, discussions in this study will not depend on the nature of the redox species.
The biofilm voltammogram when formate was depleted is shown in Fig. 4B . All the formerly observed redox pairs are still visible in their original positions and shapes. No new redox pair can be noticed. There seems to be no reason to suspect that Geobacter switched from its original set of electron conduits to new ones when the alternative substrate was provided. The only notable change is that redox pair 4 now has a larger size. Especially that the cathodic peak has a height of 2.21 « 0.65 µA cm ¹2 in contrast to 0.62 « 0.11 µA cm ¹2 for the acetate-grown biofilm. If this can be interpreted as upregulation of the corresponding electron conduit, and assuming that redox system 4 has certain (though limited) electrocatalytic activity, it can be explained why the catalytic current from formate oxidation had a more noticeable trend of increase in the higher-potential range (Fig. 2B) .
Under non-catalytic condition, anodic peak heights of redox system 2 and 3 were 1.26 « 0.21 µA cm ¹2 and 1.46 « 0.38 µA cm
¹2
respectively in the formate-grown biofilms. Those figures in the acetate-grown biofilms were 1.48 « 0.26 µA cm ¹2 and 1.73 « 0.19 µA cm ¹2 respectively. Higher peak heights in the acetategrown biofilms were compatible with the report that acetate supports better biomass growth. 15 Nevertheless, the peak height ratio (i pa,2 / i pa,3 ) remained in a similar level when a different substrate was used. Here, significant change in the relative abundance of low-potential and high-potential cofactors could not be inferred. It is worth noting that, not only the interfacial cytochromes, but also those in extracellular matrix and periplasm, are charged/discharged during the non-catalytic CVs. 26, 27 Therefore, the largely unchanged peak shapes suggested that the upstream ET systems might remain basically unchanged as well. The lower E M was arguably mainly attributable to higher turnover rates of low-potential electron conduits when formate was supplied. The underlying mechanisms for the redistribution of electron flow calls for further investigation, and it may not be simply (or solely) caused by the low oxidation potential of formate. The genome of G. sulfurreducens predicts that formate may not be degraded via the TCA cycle; but possibly via a membrane-bound, periplasmically oriented enzyme complex. 15 While the TCA cycle is active, most cofactors in the biofilm have reduction potentials too negative to contribute to the homogeneous ET. 28 The low-potential conduits near electrodes thus cannot be rapidly reduced by upstream cofactors, which results in low turnover rates. The turnover rates would be higher, if the formate-degrading enzymatic complex can output higher-energy electrons.
We simulated the steady-state current-potential curve to find how the relative turnover rates of high-potential and low-potential interfacial conduits (r h /r l ) impact E M . For this, we imagine the following situation: (1) There are two different species of electron conduits at the electrode surface, one with a formal potential of ¹0.12 V (conduits A), the other having a formal potential of ¹0.18 V (conduits B). A and B have the same surface concentration !. (2) The r A /r B is maintained at 10 when acetate is utilized; while formate is being consumed, the r A /r B is a constant of 1.5. 
The simulation showed 20 mV shift in the E M assuming that the r A /r B was lowered from 10 to 1.5 (Fig. 5) . In the real MES, the r h /r l is unknown, and may vary with electrode potential and other factors. A better understanding of the bacterial catabolic and ET systems, combined with models describing the overall exoelectrogenic processes may help to elucidate the dependence of half-saturation potential on substrates. Nonetheless, our simulation suggests that a relative change in the catalytic activity of high-potential and lowpotential conduits is the likely explanation for our experimental observation. Electrochemistry, 83(8), 600-604 (2015)
Conclusions
In conclusion, with a monoculture of G. sulfurreducens, it was demonstrated that there is at least one mechanism though which substrate influences the half-saturation potential in bioelectricity generation. Though a change in E M usually requires the change in bacterial formal potential; voltammetries suggested that the bacterial ET systems were basically conserved regardless of the substrate tested. When formate, instead of acetate, was consumed by Geobacter, its low-potential conduits exhibited elevated turnover rates, resulted in a shift in the apparent E M . These findings bring new insight into the interaction between exoelectrogens, electron donors and the electron acceptors; may provide useful information to the operations of MES. In addition, the attempt to simulate bioelectrocatalysis by multiple cofactors indicates that, it is desirable to incorporate the complexity of actual EET systems into the existing model, for better predicting the features of the current-potential curves.
